[1] We combine a viscoelastic model for the interseismic process and an elastodynamic model for the coseismic process to explore the dynamics (over multiple earthquake cycles) of two parallel strike-slip faults embedded in a two-dimensional full space. The step over fault geometry results in a buildup of heterogeneous fault stress near the step over. This heterogeneous stress accumulates at the early stage of the evolution of the fault system, and finally stabilizes after a number of earthquake cycles. The heterogeneity in fault stress varies with the geometrical parameters (e.g., width and along-strike overlap/ gap) of the step over, as well as the rupture history of the fault system. This heterogeneous fault stress from previous earthquakes has significant effects on earthquake rupture initiation, propagation, and termination. The locations with a low normal stress level near a step over are favorable points for earthquake initiation. Rupture can jump a 4 km wide compressional step over and a 8 km or wider dilational step over if the fault system has historically experienced many earthquakes. A young step over with less induced heterogeneity allows rupture to jump only smaller step over widths. These results may have important implications for seismic hazard analysis in areas where segmented strikeslip faults predominate, particularly for estimating maximum earthquake potential. 
Introduction
[2] The 1992 Landers earthquake (M w 7.3) jumped across several geometrical boundaries to rupture at least five fault segments [Sieh et al., 1993] . The 1999 Izmit, Turkey, earthquake (M s 7.4) broke four distinct structural segments of the North Anatolian fault, which are separated from one another by distinct step overs and/or gaps in the fault trace [Lettis et al., 2002] . One question posed by these earthquakes is under what conditions a small earthquake can jump across fault offsets onto neighboring segments to cascade into a much larger earthquake. This is a crucial issue in seismic hazard analysis, as designs of critical buildings and facilities are based on how big a potential earthquake can be in an earthquake-prone area within a certain time period.
[3]
Step overs are commonly observed features along many strike-slip faults [e.g., Wesnousky, 1988; Knuepfer, 1989] . Segall and Pollard [1980] quantitatively studied the static interaction of faults with step overs and the effects of step overs on the distribution of slip and seismicity along faults. They found that for compressional step overs, normal tractions on the overlapped crack ends increase and inhibit frictional sliding, whereas for dilational step overs, normal tractions decrease and facilitate sliding. Their results suggest that earthquake swarms and aftershocks cluster near dilational step overs, while compressional step overs may be sites of large earthquakes. Sibson [1985] proposed that dilational step overs should act to stop earthquakes, owing to transient suction forces induced by rapid opening of a linking extensional fracture system in the fluid-saturated step over region.
[4] These quasi-static studies demonstrate the importance of fault interactions and provide us with a general framework for how step overs affect earthquake rupture. However, these analyses do not include the time-dependent stress waves generated during the earthquake rupture process. It is the dynamic stress field that determines if the rupture can jump to the next fault segment to cascade into a larger earthquake. Harris et al. [1991] and Harris and Day [1993] used a two-dimensional finite difference algorithm to explore dynamic interactions of parallel strike-slip faults. They showed that how the stress difference, defined as
determines when and where the rupture can jump from one fault segment to the next. In equation (1), t is time, f s is the static coefficient of friction, s n is the normal stress, t is the shear stress, D denotes the change in stress with time due to the propagating rupture, and s n0 and t 0 are the initial normal and shear stresses on faults, respectively. Harris and Day [1993] found that dynamically propagating rupture can jump both compressional and dilational fault step overs, but that an extensional normal stress increment in the case of dilational step overs allows wider rupture jumps. Their results indicate that a strike-slip earthquake is unlikely to jump a fault step over wider than 5 km.
[5] Dynamic interaction between cracks has recently been the subject of many studies. Yamashita and Umeda [1994] demonstrated that dynamic interaction of subsidiary faults may be a source of earthquake rupture complexity. Kase and Kuge [1998] investigated dynamic rupture propagation on two parallel faults and two perpendicular faults in two dimensions, and Kase and Kuge [2001] extended the study to three dimensions. They found that rupture propagation and termination on the secondary fault are significantly different between the two models and the fault geometry plays an important role in dynamics of fault interaction.
[6] These previous studies have shown that a dynamic analysis is required to fully capture fault interaction, and geometrical parameters, such as the step over width and along-strike overlap/gap, have important effects on the dynamics of fault interaction. In these studies, the initial fault stress for dynamic analysis was usually assumed to be homogenous on all fault segments, or was resolved from a uniform regional stress field onto differently oriented fault segments. However, the fault stress is no longer homogeneous near the step over after even one earthquake, and can depart from the regional stress significantly, as indicated by static analysis of fault interactions [Segall and Pollard, 1980] . As shown in equation (1), the initial normal and shear stresses on faults both play an important role as the changes in stresses to determine the stress difference C(t). Therefore the heterogeneous fault stress near the step over from previous earthquakes may have important effects on dynamic interaction of faults, particularly the ability of rupture to jump across fault offsets.
[7] Harris and Day [1999] examined how heterogeneous initial stresses along the depth axis, owing to a weak zone near the surface or below seismogenic depths in threedimensional (3-D) dynamic models, affect the ability for rupture to jump between parallel faults. They also examined heterogeneous initial stresses along strike for the 1966 Parkfield earthquake, by taking into account the effect of the previous earthquake that occurred in 1934. They showed that the 1934 earthquake perturbed the stress field on a secondary fault across a 1 km wide step over, even though it was unable to jump the step. Subsequently, the 1966 earthquake was able to jump this step over. The authors used a shear stress increment to characterize the effect of the interseismic tectonic loading. This study demonstrates that heterogeneous stresses from previous earthquakes can have significant effects on the ability of rupture to jump. In studying the 1999 Izmit, Turkey, earthquake, Harris et al. [2002] also attempted to use heterogeneous stress conditions to solve the mismatch in surface slip between their models and observations, and to explain the stopping of rupture.
[8] Heterogeneous fault stresses from previous earthquakes must depend on the geometrical parameters (e.g., widths and overlaps of step overs) and the earthquake history on the fault system. These issues are just beginning to be studied in detail. Furthermore, previous studies [Nielsen and Knopoff, 1998; Duan and Oglesby, 2005] have shown that there must be physical mechanisms to prevent fault stresses from accumulating pathologically over repeated earthquakes near geometrical complexities on faults. Thus these heterogeneous fault stresses near step overs must be relaxed over multiple earthquake cycles.
[9] In this paper, we combine a viscoelastic model for the interseismic process and an elastodynamic model for the coseismic process to simulate multiple earthquake cycles on two parallel strike-slip faults with a step over in a homogeneous whole space. The problem is reduced two dimensions. We examine the evolution of fault stresses over multiple earthquake cycles, and the dependence of heterogeneous fault stresses on the width and overlap/gap of the step over. In this way, we explore how these heterogeneous fault stresses affect dynamics of two faults, with a particular emphasis on the ability of rupture to jump between the fault segments.
Method
[10] We utilize the viscoelastic model proposed by Duan and Oglesby [2005] for the interseismic period. A new explicit dynamic finite element code (EQdyna) is used to model the dynamics of the earthquake rupture and wave propagation processes. In this section, we briefly describe each of these methods and their combination for earthquake cycle simulations.
A Viscoelastic Model for the Interseismic Period
[11] This model is a simplified version of Duan and Oglesby [2005] . As shown in Figure 1 , the tectonic loading direction is parallel to the fault strike. Therefore there is no normal component of strain rate for the two faults during an interseismic period. The two equations from Duan and Oglesby [2005] (equations (8) and (11) in that work) to evaluate shear and normal stresses on faults at time t during an interseismic period can be rewritten as
where m is shear modulus, h is the viscosity, g is the strain rate, s a is the ambient normal stress, s t 0 and s N 0 are the shear stress and normal stress on faults at the beginning of an interseismic period (t = 0). Note that in this viscoelastic model, the shear and normal stresses tend asymptotically toward the limit values hg and s a , respectively, in the absence of an earthquake event.
[12] The relaxation of stresses during the interseismic process due to the viscosity in the model can be considered as a proxy for the effects of off-fault deformations on the fault stresses. Examples of these deformations are the formation of a pull-apart basin within a dilational step over or the formation of a push-up feature within a compressional step over [Burchfiel and Stewart, 1966] . This viscoelastic model for evaluating fault stresses is a very simplified model, but it allows us to track the fault stress over multiple earthquake cycles and to prevent fault stresses from accumulating pathologically. 
where M is the mass matrix, C is the viscous damping matrix, K is the stiffness matrix, F is the vector of applied forces, and u, v, a are the displacement, velocity and acceleration vectors, respectively. A convenient form of C is the Rayleigh damping matrix
where p and q are numerical parameters. The two components of Rayleigh damping are mass and stiffness proportional, with the former dominant at low frequency and the latter dominant at high frequency. To suppress highfrequency numerical noises with the least effect on lowfrequency signals in models, one can set the mass proportional parameter p equal zero and only keep the stiffness proportional parameter q in (5). Then equation (4) can be written as
[14] The initial value problem for (4) or (6) needs two initial conditions
[15] One of the most widely used methods for solving (6) to (7) is the central difference time integration method, which is explicit when the mass matrix M is diagonal:
where n and n + 1 denote two consecutive time steps.
[16] The diagonal mass matrix M can be obtained through lumping techniques. We use the technique that was proposed by Hinton et al. [1976] . The idea of this technique is to set the entries of the lumped mass matrix proportional to the diagonal entries of the consistent mass matrix (the mass matrix obtained from standard FEM formulation). The advantage of an explicit FEM may be seen from (8a) when M is diagonal. In this case, the solution may be advanced without the necessity of solving a coupled set of equations. The central difference method is conditionally stable, and the characteristic time step to ensure stability is determined by the minimum element size and wave speed in the model.
[17] For computational efficiency, we employ quadrilateral elements in two dimensions and hexahedral elements in three dimensions with one-point quadrature. Previous studies suggest that the rate of convergence of the one-point quadrature element is comparable to that of fully integrated elements (four integration points in two dimensions and eight integration points in three dimensions) [Belytschko et al., 1984] . The major drawback of one-point quadrature in these elements is the existence of hourglass modes, which lead to hourglass instability in dynamic codes. We adopt the method proposed by Kosloff and Frazier [1978] to implement the hourglass control in our code EQdyna. The basic idea is to determine the element restoring forces to resist hourglass modes. This hourglass resistance H is added onto Figure 1 . An example of modeled fault geometry for the case of a dilational step over (right step in right-lateral shear) with an overlap. The tectonic loading direction is parallel to the fault strike in the models. Both faults are 30 km long, with a half length of 15 km corresponding to seismogeneic depth of many strike-slip faults. For a compressional step over, the two faults would have a left step over given the same tectonic loading direction, or the tectonic loading direction would be left lateral given the same right step over geometry. In some cases, there is a gap, instead of an overlap, in the models.
the right-hand side of equation (6), leading to a modified solution of equation (8a) as
[18] The crucial feature of the dynamic FEM for modeling spontaneous earthquake rupture is the implementation of the fault boundary condition. We use the traction-at-splitnode (TSN) method, which has been widely used and was summarized by Andrews [1999] , to characterize faults in our models. A slip-weakening friction law [Ida, 1972; Palmer and Rice, 1973; Andrews, 1976; Day, 1982a] is implemented in the current version of the code EQdyna. The traction on faults only affects solutions of split nodes along faults, with the coupling force R added to one side of the fault and subtracted from the other side. Then for these split nodes, the solution of equation (9) is modified as
The slip-weakening friction law in this study can be expressed as
where f s and f d are the static and dynamic coefficients of friction, respectively. Du is slip on the fault, H( ) is the Heaviside function, and D 0 is the critical slip distance.
[19] As a finite element code, EQdyna is designed to handle complex fault geometry. In this paper, we use 2-D version of the code to simulate spontaneous rupture on two parallel faults with a step over.
Multiple Earthquake Cycle Simulation
[20] We use the same procedure as Duan and Oglesby [2005] to simulate multiple earthquake cycles. Several features in this procedure are summarized as follows.
[21] 1. The faults first undergo the interseismic process, which is controlled by the viscoelastic model solved analytically. When a critical length of one fault reaches failure level, the coseismic dynamic process starts, which is simulated by the FEM algorithm.
[22] 2. The frictional coefficient is reset to the static value after each dynamic event to mimic the healing of faults over interseismic periods, and the two processes in feature 1 repeat as often as desired.
[23] 3. The nucleation location is a calculated result of the stress field on the fault, except for the first event, in which the nucleation location is prescribed.
[24] 4. The initial stress on faults is a result of both the tectonic loading stress and the residual stress from the previous earthquakes, except for the first cycle, in which the initial stress is assumed homogeneous outside of the nucleation region.
Model
[25] We explore in two dimensions the dynamics of two parallel faults over multiple earthquake cycles. Figure 1 shows an example of modeled fault geometry for the case of a dilational step over (right step in right-lateral shear) with an overlap. In all simulated models, the tectonic loading direction is parallel to the fault strike, and each fault is 30 km long. A fault half length of 15 km is consistent with the seismogenic depth for many vertical strike-slip faults, which usually limits the smaller fault dimension that controls the growth of the stress concentration at the crack tip in the 3-D case [Day, 1982b] . We model a variety of geometrical configurations, with the step over width and along-strike overlap/gap being key variables. We also test different viscosities. Table 1 summarizes geometrical parameters and viscosities of simulated models in this study. Both dilational and compressional step overs for these parameters are modeled.
[26] The viscosity is a numerical parameter in our model, and is used to approximate effects of off-fault deformations on the fault stresses during earthquake cycles. The minimum viscosity for earthquakes to occur on the fault is determined by loading rate g in equation (2), ambient stress s a in equation (3), and f s in equation (11) [Duan and Oglesby, 2005] . Given values in Table 2 for these parameters, the minimum allowable viscosity in the models is 1.167 Â 10 21 Pa s. Smaller viscosities would not allow faults to fail.
[27] Table 2 also gives other parameters in the models. The initial stress is given only for the first cycle of each multicycle sequence. An ambient stress of 50 MPa is used, corresponding to the lithostatic load minus the pore pressure. This equilibrium stress is also the initial normal stress. The initial shear stress is set to be 0, except for a value of 10 MPa over the critical nucleation length in the middle of fault 1 to serve as the nucleation zone for the first earthquake. After the first interseismic loading period, the initial shear stress for the first earthquake is about 30 MPa on most of the fault system, except within the nucleation region. The static and dynamic frictional coefficients are 0.7 and 0.5, respectively. These values Initial shear stress over the critical nucleation length in the middle of fault 1 is 10 MPa before the first cycle in the sequence. It is not used thereafter.
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give a strength excess of 5 MPa and a static stress drop of 5 MPa over most of faults in the first earthquake. A loading rate of 1.0 mrad/yr is on the order of strain rate across the currently locked sections of the San Andreas fault [Thatcher, 1990] . A D 0 value of 0.6 m and a fault element size of 250 m can ensure our models resolve the cohesive zone of rupture propagation. A critical nucleation length of 3.5 km is chosen based on above values D 0 and initial stresses for the first earthquake [Day, 1982a] . The values of shear modulus, Poisson's ratio, and density are generic for typical midcrustal rocks. Note that frictional coefficients and D 0 are spatially uniform on faults and material is homogeneous in the medium. Thus the heterogeneity in stresses will result exclusively from the step over fault geometry.
Results
[28] In this section, we first report the evolution of step over fault systems over multiple earthquake cycles, including the fault stress and the event pattern. We will show that the fault systems develop a steady state after a number of earthquake cycles. In the steady state, the fault stress before two earthquakes with a similar rupture pattern is relatively constant. Then, we use a typical event in the steady state to show the effects of step over widths and along-strike overlaps or gaps. Finally, the effects of viscosity (a proxy of offfault deformation) on the fault stress in the models are examined.
Evolution of Step Over Fault Systems Over Multiple Earthquake Cycles
[29] We model a variety of step over widths and alongstrike overlaps or gaps. In all cases, the fault system starts from a homogeneous stress distribution, except with a higher shear stress within the nucleation region. Then the fault system evolves spontaneously over multiple earthquake cycles. Heterogeneous stress develops on the fault systems over repeated earthquakes. After a number of earthquakes, a steady state develops on all modeled fault systems, indicating that the viscosity in our models can prevent fault stresses from accumulating pathologically. In the steady state, the magnitude and distribution of the initial stress on the fault system before two earthquakes with a similar rupture pattern are almost same. As examples, we mainly show the results of both compressional and dilational step overs with a width of 4 km and an overlap of 10 km.
[30] Figure 2 shows the initial stress, the final slip, and the rupture time on a compressional step over fault system for 30 sequential events. Figure 3 shows similar results but for a dilational step over fault system. Notice that the yield stress in Figures 2 and 3 is a proxy for the normal stress on the fault system, as we use a slip-weakening friction law and a spatially uniform friction coefficient on the entire fault system. Several predominant features in the evolution of fault stresses over multiple earthquake cycles can be seen from Figures 2 and 3. First, heterogeneous fault stresses develop near the step overs through repeated earthquakes, even though both fault systems start from a homogeneous fault stress (except for the nucleation region) before the first cycle. Both normal and shear stresses become relatively higher within the compressional step over (Figure 2 ) and become relatively lower within the dilational step over (Figure 3) . Second, the strongest increment in stress occurs on one fault at the location corresponding to the end of the other fault, as shown by two peaks in Figure 2 or by two troughs in Figure 3 . Last, the fault initial stresses become stable after about the 19th event on the compressional step over fault system or after about the 15th event on the dilational step over fault system, in terms of both their amplitude and distribution on the fault systems. The stabilization of initial fault stresses before earthquakes suggests that the increment of fault stresses in model earthquakes is relaxed by off-fault deformation during the interseismic period.
[31] The heterogeneous fault stresses that develop from previous earthquakes on step over fault systems have significant effects on the dynamics of fault step overs. First, earthquake rupture tends to initiate at the location with a low yield stress level, as shown by the rupture time curves (Figures 2 and 3) , in which the rupture time is zero at the initiation location. Notice again that the initiation location of earthquake rupture is a calculated result of the fault stress in our models, starting from the second event. For the compressional step over (Figure 2 ), earthquake rupture tends to initiate at a low yield stress region adjacent to a stress peak. For the dilational step over (Figure 3) , earthquake rupture initiates at one or both of the stress troughs. These results suggest that the step over region is a favorable location for earthquake initiation, owing to heterogeneous fault stresses developed from previous earthquakes. More profound effects of the heterogeneous fault stress can be seen from rupture patterns in Figures 2 and 3 . At the early stage in the evolution, the heterogeneous fault stress develops gradually. At this stage, both the compressional and dilational step over fault systems experience an alternating rupture pattern. In this pattern, two faults fail separately in two consecutive earthquakes, indicating that the step overs are barriers for earthquake rupture, and earthquakes are limited to one fault segment. After a number of earthquakes as discussed above, the heterogeneous initial fault stress fully develops on the fault system and becomes stable. At this stage, a two-fault-segment rupture pattern develops on both fault systems, indicating the step overs are no longer a barrier for earthquake rupture.
[32] The transition from a one-segment rupture pattern to a two-segment rupture pattern in the evolution of the fault step overs suggests that earthquakes have a larger potential to rupture through a mature step over than a young step over, given the same geometrical configuration. On a mature step over fault system, the fault stress may evolve a state that facilitates a throughgoing rupture. From Figures 2 and 3 , we can see that it takes more earthquakes on the compressional step over fault system (19) than on the dilational step over fault system (13) to develop the two-segment rupture pattern.
[33] We remark on two observations in Figures 2 and 3 . One is that in the compressional case, rupture always initiates on the left segment, on which the first event is prescribed to occur, and jumps onto the right one in the steady state. We also test the case (not shown) in which the first event is prescribed to occur on the right fault segment, and find that earthquakes always initiate on the right segment and jump onto the left one in the steady state. This shows that there is no numerical bias between the faults. The other observation is that in the steady state of the dilational case, earthquakes initiate in two locations simultaneously at stress troughs on the two faults. We believe that this results from the symmetry in our models, which have two faults of identical length and uniform frictional coefficients. Any complexity that is not included in our models can eliminate the simultaneous initiation of rupture on the two faults. For example, in models with a right segment longer than the left segment (not shown), we find that the longer right segment causes a lower yield stress level on the left segment, and earthquakes always initiate on the left segment. However, the qualitative features in fault stress distribution on the fault system are robust, and the low yield stress within a dilational step over facilitates rupture to initiate on one fault segment and to jump onto the other fault segment rapidly.
Effects of the
Step Over Width and Along-Strike Overlap/Gap
[34] As defined in Figure 1 , the two important geometrical parameters are the step over width (perpendicular distance between faults) and along-strike overlap/gap. We model a variety of geometrical configurations and summarize the results in this section. We find that all modeled fault systems develop a steady state after a few earthquakes, in which the initial fault stress before two earthquakes with a similar rupture pattern is almost same. Thus we focus on a typical event in the steady state to examine the effects of the step over width and along-strike overlap/gap.
[35] Figure 4 shows the initial fault stress and rupture time on compressional (Figure 4a ) and dilational (Figure 4b ) step over fault systems with an along-strike overlap of 10 km and a variety of the step over widths (2, 4, 6, 8, 10, and 12 km) for Figure 4 . Distribution of the initial yield stress (dotted) and the initial shear stress (solid) on two faults, and rupture time on the left fault (solid) and on the right fault (dotted) for the 30th event on (a) compressional and (b) dilational step overs with an overlap of 10 km and a variety of step over widths: 2, 4, 6, 8 l0, 12 km.
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the 30th event, which is a typical event in the steady state. The stress peaks (Figure 4a for compressional step overs) and the stress troughs (Figure 4b for dilational step overs) decrease in amplitude with an increase in step over width. This suggests a weaker fault interaction at a larger distance between two faults. However, even with a width of 12 km, the amplitude of stress peaks and troughs can be larger than 5 MPa, which can still have large effects on dynamic rupture on step over fault systems. With an increase in step over width, the heterogeneous fault stress becomes broader along strike. A weak stress low is observed just outside the stress peaks on compressional step overs with a width of 2 km and 4 km (the two top plots in Figure 4a , left). In the steady state of these two fault systems, rupture initiates at one stress low and propagates bilaterally on the left fault segment, and finally jumps to the right fault segment (see the two top plots in Figure 4a , right). For larger step over widths (6 km and above), there is no obvious stress low associated with the stress peaks on the compressional step over fault systems. In these cases, rupture initiates far from the step over and stops at the step over. In the steady state of these fault systems, the two fault segments fail separately in two consecutive earthquakes ( Figure 4a shows the case in which the right segment fails). On the dilational step over fault systems (Figure 4b ), rupture always initiates at one (for widths of 10 km and 12 km) or both (for widths of 8 km and less) of the stress peaks within the step overs. As discussed above, we believe that the simultaneous initiation on two fault segments results from symmetry of the current models. Nevertheless, the stress troughs and in particular, the low strength excess on the two fault segments within the step overs facilitate earthquakes rupturing through the step overs, even with a width of 12 km.
[36] To examine the effects of along-strike overlap/gap, we run models with a series of overlaps/gaps and a fixed step over width of 2 km. Figure 5 shows the initial fault stress and rupture time for the 30th event in the sequences, which is a typical event in the steady state. We can see that the fault stress changes with the overlap/gap. Overall, the fault stress is much more heterogeneous for a step over with an overlap than for a step over with a gap, due to a greater degree of fault interaction in the overlap case. For wider (nonzero) overlaps, the heterogeneous stress develops within a wider along-strike length and with lower amplitude of peaks/troughs. For step overs with overlaps (including an overlap of 0 km), the fault stress is higher within the compressional step overs (Figure 5a ), and lower within the dilational step overs (Figure 5b) , compared with the background fault stress away from the step overs. The heterogeneity in fault stress decreases dramatically if there is no overlap (all gap cases in Figure 5 ), indicating an along-strike overlap is required for a strong fault interaction in the long term. Heterogeneity in fault stress also decreases with an increase in gap distance. Interestingly, for this step over width of 2 km with gaps, the fault stress is lower near the compressional step overs (the four bottom plots in Figure 5a , left), and higher near the dilational step overs (the four bottom plots in Figure 5b , left), compared with the background fault stress. We find that this feature changes with the step over width. Figure 6 shows the initial stress and rupture time for the 30th events on step over fault systems with a gap of 4 km and a series of step over widths. It can be seen that at larger width, the fault stress becomes relatively higher near the compressional step overs (the four bottom plots in Figure 6a , left), and relatively lower near the dilational step overs (the four bottom plots in Figure 6b, left) . Furthermore, the amplitude of heterogeneity in fault stress near step overs does not decrease obviously with an increase in the step over width. These observations suggest a relatively complex space pattern of fault interaction for step overs with gaps. Nevertheless, heterogeneity in the fault stress in gap cases is much weaker than in overlap cases, and may have much less of an effect on the dynamics of fault step overs.
[37] The rupture time plots in Figures 5 and 6 show rupture patterns on these fault systems in the steady state. The rupture pattern is not sensitive to the amount of alongstrike overlap. For the compressional step overs with overlaps (including zero overlap, the top five plots in Figure 5a , right), rupture always initiates on one fault and jumps onto the other fault. For the dilational step overs with 4 km and larger overlaps (the top three plots in Figure 5b , right), rupture initiates simultaneously on the two faults within the step overs and propagates bilaterally. For the dilational step over with 2 km overlap (the fourth plot in Figure 5b , right), rupture initiates simultaneously on more than two locations. The rupture pattern on dilational step overs with gaps is exclusively alternating rupture of the two faults in two consecutive events for all gap cases (the bottom five plots in Figure 5b , right, and Figure 6b , right), suggesting that the dilational step overs with along-strike gaps are an effective barrier for rupture. On the other hand, rupture may jump across a compressional step over with a certain amount of along-strike gaps (Figures 5a, right, and 6a, right) . The above difference between dilational and compressional step overs with gaps can be explained by the difference in Coulomb stresses near the step overs [Harris et al., 1991; Harris and Day, 1993] . Notice that the simultaneous initiation of rupture at several locations on the two faults in Figures 5 and 6 may result from the symmetry of the models.
Effects of the Viscosity in Models on Fault Stress Near Step Overs
[38] As pointed out in section 2.1, the viscosity in our models can be considered as a proxy for off-fault deformation, which prevents the fault stress from accumulating pathologically over repeated earthquakes. A larger viscosity results in a weaker off-fault deformation, and thus a smaller stress relaxation and a stronger heterogeneity in fault stress. In all above models shown from Figures 2 to 6, we use a viscosity of 2.0 Â 10 21 Pa s.
[39] The numerical value of viscosity is somewhat arbitrary in our models. To illustrate the possible effects of viscosity on our results, we show the initial fault stress of a typical event (the 30th event) on 2 km wide step overs with an overlap 4 km in Figure 7 . Nevertheless, we find that both viscosities result in a similar evolution of the fault systems with a step over width of 2 km and an along-strike overlap of 4 km.
Discussion
[40] The classical papers by Harris et al. [1991] and Harris and Day [1993] , who used a homogeneous fault initial stress in the dynamic rupture models, have provided a theoretical basis for the analysis of jumping rupture. Field observations also provide valuable data on this subject. In this section, we first compare results from our models, in which the heterogeneous fault stress from previous earthquakes is a key component, with the above homogeneous stress studies. Then, we discuss some issues concerning the application of our models to real earthquakes. Finally, we examine implications of our results for field observations. 
Comparison With Previous Studies Using Homogeneous Initial Stress
[41] Harris and Day [1993] reported four sets of twodimensional dynamic models with homogeneous initial fault stress. In their models, the largest jumpable widths of steps were found to be 5 km for a dilational step over and to be 2.5 km for a compressional step over. These largest jumpable widths occurred with a supershear rupture velocity and a very high stress drop (10 MPa). Even with the same high stress drop (10 MPa), a subshear rupture can only jump across a 1 km wide dilational step over and a 0.5 km wide compressional step over in their models. In our step over models with a minimum width of 2 km, rupture cannot jump any step over in the first event of all sequences. This is consistent with the previous study, as the first event in our models has a stress drop of about 5 MPa, with a subshear rupture. Our models show that rupture cannot jump across a dilational step over without an along-strike overlap, while it can jump across a compressional step over with an alongstrike gap. This observation is also consistent with the previous study with homogeneous initial stresses.
[42] In our models, after a fault system experiences many earthquakes and the heterogeneous fault stress fully develops, earthquakes can rupture through a 4 km wide or narrower compressional step over (see Figure 4a ) and a dilational step over with a width of up to 12 km (see Figure 4b ). In compressional step over cases, rupture propagates toward the step over and jumps the 4 km or narrower wide step over. In dilational step over cases, rupture simultaneously initiates on the two faults (for widths of 8 km or less) or initiates on one fault but soon triggers the other fault (for widths of 10 and 12 km). It is very likely that a propagating rupture toward the step over, which initiates somewhere else, could also easily jump across these wide step overs, given the very low fault strength within the dilational step overs. Figure 8 shows an example of an 8 km wide dilational step over with an along-strike overlap of 4 km. In this dynamic event, the initial fault stress is produced by the interseismic viscoelastic model with the fault stress after the 28th event as input, except for the raised shear stress in the middle of the left fault. Rupture artificially nucleates in the middle of the left fault and propagates toward the step over. We can see from the rupture time plot that this propagating rupture jumps across the 8 km wide dilational step over, with a time delay of several seconds.
[43] Compared to models with homogeneous initial stresses, a wider compressional step over and a much wider dilational step over can be jumped in our models, in which Figure 6 . Initial yield stress (dotted) and initial shear stress (solid) on two faults and rupture time on the left fault (solid) and on the right fault (dotted) for the 30th event on (a) compressional and (b) dilational step overs with an along-strike gap of 4 km and a variety of widths. the heterogeneous fault stress from previous earthquakes plays a crucial role. A dimensionless parameter S [e.g., Das and Aki, 1977; Day, 1982b] , which characterizes the relative strength of a fault before an earthquake, is a key parameter to determine the ability of rupture jump segment boundaries in previous studies with homogeneous stress. S is defined as
where s y 0 , s t 0 , and s t f are the initial yield stress, the initial shear stress, and the initial sliding stress on the fault, respectively. To examine the role of this parameter in our models and compare with previous studies, we plot S distribution on fault systems for a compressional step over event (the second plots in Figure 4a ) and a dilational step over event (Figure 8 ) in Figure 9 . Owing to the heterogeneous fault stress, S is no longer uniform on the fault systems. Overall, the S values are relatively low in our models, and are especially low within the dilational step over, compared to the values used by Harris and Day [1993] (the lower S value in their models is 0.49). The very low S value near a dilational step over developed from previous earthquakes may explain why rupture can jump much wider dilational step overs in our models. Thus we can think of previous earthquakes as a mechanism for The initial stress is generated from the viscoelastic model using the fault stress after the 28th event on a dilational step over with a width of 8 km and an overlap of 4 km as the input. The propagating rupture jumps this 8 km wide dilational step over in this earthquake.
reducing S within a dilational step over, facilitating jumping rupture.
[44] It is worth noting that the ability of rupture to jump across a wide step over depends on history of the fault system. As shown in Figures 2 and 3 , a step over fault system takes a certain number of earthquakes to develop a significantly heterogeneous fault stress and a throughgoing rupture pattern. Thus rupture tends to jump across a wider step over in a mature fault system than in a young fault system.
Some Considerations Concerning Application of Our Models
[45] Before applying the results from our models to real earthquakes and field observations, we need to discuss some issues concerning approximations and assumptions in our models. The first issue is if our two-dimensional models can approximate ''real'' faults in a three-dimensional halfspace. An important assumption associated with these two-dimensional models is that the fault step overs continue throughout the seismogenic zone. Our models cannot apply to cases in which two faults merge at depth. We have used a fault half length of 15 km in our models, which is roughly equivalent to the seismogeneic depth of many strike-slip fault systems (e.g., the San Andreas fault in California and the North Anatolian fault in Turkey). Previous studies [e.g., Day, 1982b] have shown that the minimum fault dimension controls the slip duration at a point on a fault. For large-magnitude strike-slip earthquakes, the minimum fault dimension is usually the seismogenic depth. In this sense, our twodimensional models can approximate real three-dimensional faults. However, the energy release rate in rupture front would be less in three-dimensional models. This effect could decrease the ability for rupture to jump a wide step over. True three-dimensional models over multiple earthquake cycles are the subjects of future research.
[46] Other assumptions in our present models include (1) the fault geometry does not change over time; (2) there are no throughgoing structures (e.g., dip-slip linking faults) between two parallel faults; and (3) we do not include real-world complexity such as material heterogeneity. These complexities in fault systems may have effects on the fault stress, and thus on the dynamics of step over fault systems. The viscoelastic model for the interseismic process can characterize some effects, such as relaxation of the fault stress owing to nonelastic deformation off the faults. However, material complexity may also play a role, which is not included in our current models. In the light of this consideration, we should be cautious in applying models with weak heterogeneity in fault stress, which exclusively originates from the noncoplanar fault geometry. In more realistic models, heterogeneous fault stresses from other complexities, which are not included in the present models, may dominate the dynamics of step over fault systems. The examples with weak heterogeneity in fault stress are the models with gaps ( Figure 6 and the four bottom plots in Figure 5 ). However, the strong heterogeneity in fault stress in the models with overlaps, exclusively owing to step over fault geometry, may still provide the first-order envelop of fault stress even if other complexities are present in the models.
Implications of Modeling Results for Field Observations
[47] Several previous studies report field observations of strike-slip faults with step overs. Knuepfer [1989] suggests a maximum jumpable width of 5 km for compressional step overs and a value of 8 km for dilational step overs based on a survey of field data worldwide. Lettis et al. [2002] compiled data from 30 historical strike-slip earthquakes involving 59 dilational step overs. From these data, they proposed that a dilational step over width of 4-5 km is the maximum width that rupture may jump. The maximum jumpable width for compressional step overs proposed by Knuepfer [1989] is consistent with our models, in which rupture jumps a 4 km wide step over but does not jump a 6 km step over (Figure 4a ). Wesnousky [1988] showed that the 1891 Nobi earthquake jumped a 3 km wide compressional step, which is also consistent with our models. For the dilational step over, our models suggest that we should be open to the possibility of rupture being able to jump a dilational step over with a width larger than 8 km, if a fault system has experienced many earthquakes and a very low yield stress develops near the step over.
[48] There is observational evidence that in some cases, step overs may act as barriers to earthquake rupture, while in other cases, step overs of the same width allow rupture to jump. Our models provide one possible explanation for this observation: a mature fault system tends to allow rupture to jump wider step overs than a young fault system, as the heterogeneous fault stress takes a certain number of earthquake cycles to develop. These results of our models suggest that we may obtain more robust estimates on the possibility of rupture jumping in a real fault system by taking into account the rupture history of the fault system. For example, there are several fault step overs in the San Francisco Bay area, including a 2 -3 km wide dilational step over between the Concord fault and the Green Valley fault and a 4 -6 km wide dilational step over between the Hayward fault and the Rodgers Creek fault. If we have historical Figure 9 . Relative strength S on (a) compressional and (b) dilational step over fault systems. Figure 9a is for the event of the second row in Figure 4a . Figure 9b is for the event in Figure 8 . rupture records on these fault systems via paleoseismic study, we may be able to give a more reliable assessment on the possibility of jumping rupture and thus a more robust estimate on the maximum potential earthquakes from these fault systems in the Bay area. Of course, the effects of other sources of heterogeneity may be quite important in these cases, as noted above.
[49] The 2001 Kunlunshan, China, earthquake (M w 7.8) ruptured through a large dilational step over with a width of over 10 km. Antolik et al. [2004] studied rupture transfer through this step over by inverting body wave data. They built their inversion models on the basis that the rupture cannot jump this large step over, so there must have been a linking normal fault that slipped coseismically within this step over. However, very little evidence of surface offset was observed in this step over [Xu et al., 2002] . In the light of our multicycle models, with heterogeneous fault stress included, the rupture may have been able to jump this large step over without an aid of a linking normal fault (see Figure 4b ), if there is some overlap between the two strikeslip faults and the fault system has experienced many earthquakes. In their models, Antolik et al. [2004] used a overlap of about 20 km between the two strike-slip faults in the step over region. It is very likely that this step over fault system has experienced many earthquakes before the 2001 event, as the Kunlun fault on which the 2001 event occurred is one of the major strike-slip faults that accommodate eastward movement of Tibet relative to Eurasia in response to the northward penetration of India along the Himalayas [Antolik et al., 2004] . Therefore a jumping rupture through this large step over, rather than across a linking fault, is possible and fits the observation of very little surface offset within the step over [Xu et al., 2002] . If our reasoning is true, the 2001 Kunlunshan earthquake may be an observation supporting our modeling results that rupture can jump across a much wider dilational step over than has been proposed and widely accepted. This may have an important impact on seismic hazard analysis.
[50] Many researchers have studied the role of step overs in the two most recent large earthquakes on the North Anatolian fault (Turkey): the August 1999 Izmit (M w 7.4) earthquake and the November 1999 Duzce (M w 7.1) earthquake [e.g., Harris et al., 2002; Lettis et al., 2002; Duman et al., 2005] . The initiations of both earthquakes occurred near a step over. This observation is consistent with our models in which the heterogeneous fault stress from previous earthquakes plays an important role in earthquake initiation. The Izmit earthquake initiated within or near a dilational step over with a width of 1 -2 km, though there is some uncertainty in the location of the hypocenter. The Duzce earthquake nucleated close to a compressional step over with a width of 0.8 km and an overlap of 1.8 km. Duman et al. [2005] plot the epicenter at the location of the step over region, near where the overlapping fault terminates. This location is consistent with where earthquakes initiate in our models, owing to a weak trough in the initial yield stress curve (e.g., Figure 4a ). Both earthquakes propagated bilaterally and jumped several other step overs with widths of 1 -2 km. These observations are also consistent with our models. The termination of the Izmit earthquake at the east end and the Duzce earthquake at the west end appear to relate to a 4 km wide releasing double bend [Duman et al., 2005] or a 4 km wide double releasing step over with a gap [Lettis et al., 2002] . Our models show that a 4 km wide dilational step over with a gap is an effective barrier for rupture. The termination of the Izmit earthquake at the west end is still controversial: Lettis et al. [2002] suggest that a 4 -5 km wide dilational step over arrests the rupture; Harris et al. [2002] propose that a stress shadow from the 1894 earthquake nearby stopped the rupture, as they notice that more recent marine seismic studies [e.g., Kuscu et al., 2000] indicate that there is no step over in this region. The termination of the Duzce earthquake at the east end was associated with a series of step overs [Duman et al., 2005] , which is a factor left out of our current models. Overall, our models are consistent with observations in these two large earthquakes, in terms of roles of step overs in rupture initiation, propagation and termination.
Conclusion
[51] Fault systems with step overs develop heterogeneous fault stress distributions over multiple earthquake cycles due to their noncoplanar geometry. This heterogeneity in fault stress is stronger near a step over with an overlap than near a step over with a gap, and stronger near a narrower step over than a wider step over. The heterogeneity in fault stress also depends on the length of the rupture history on the step over fault system. A young step over results in a less heterogeneous fault stress and narrower jumpable step over widths. With more earthquakes, the fault stress becomes more heterogeneous near the step over. After a number of earthquake cycles, the initial fault stress before two earthquakes with a similar rupture pattern becomes stable and the fault system evolves a steady state. This heterogeneous fault stress has significant effects on earthquake rupture initiation, propagation and termination. A step over region is a favorable location for earthquakes to nucleate. The location of nucleation is associated with the low yield stress level near a step over. Owing to the heterogeneous stress from previous earthquakes, rupture can jump a 4 km wide compressional step over and a 8 km wide or wider dilational step over if the step over fault system has experienced many earthquakes historically, and the heterogeneous fault stress is fully developed. A young step over or a step over with a gap can arrest rupture at a narrower width than the above values.
[52] The modeling results in this study may advance our understanding about the role of step overs in earthquake rupture initiation, termination, and the ability of rupture to jump fault segment boundaries. Our results suggest that a wider compressional step over (4 km versus 2.5 km) and a much wider dilational step over (8 km or wider versus 5 km) can be jumped than has been proposed in previous studies with homogeneous initial stress. The implications of our modeling results for estimating the likelihood of multisegment fault rupture, and thus for estimating maximum earthquake potential on segmented strike-slip faults, are that we need to take both the width and the along-strike overlap/ gap of a step over into account. The exact values of overlap/ gap are less important than the nature of overlap/gap: an overlap results in a stronger fault interaction and a stronger heterogeneity in fault stress, compared with a gap. We also need to take into account the rupture history of a step over fault system in order to better assess the possibility of rupture jumping.
